Abstract Gold nanostructures have very suitable physical properties for plasmonic applications but do not stick on glass substrates. One usually uses a chromium adhesion layer that gives good mechanical adhesion but quench the plasmon. We developed a new adhesion process that permits a covalent bonding between gold and glass thanks to an MPTMS molecular layer throughout nanolithography process. We demonstrate that this new adhesion layer allows an improvement of the optical properties of the gold nanoparticles as well as an essential improvement of their surfaceenhanced Raman scattering performances.
Introduction
Surface-enhanced Raman scattering (SERS) has become a very extensive research domain since it has been demonstrated that the extreme enhancement estimated to 10 14 , enabling the single-molecule sensitivity [1, 2] . The SERS is then a powerful tool and has demonstrated its abilities as a highly sensitive method for the detection of relevant low concentrated biomarkers. Several fast and quantitative SERS sensors have been proposed. In fact, two main strategies are proposed: colloidal or lithographied nanoparticles. First, functionalised metallic (most of the time gold or silver) nanoparticles are dispersed in solution and labeled with a molecule having a large SERS cross-section. The SERS label detection on immunoassay surface or in solution indicates the presence and the estimated concentration of the targeted biomarkers specifically bound to the functionalised nanoparticle surface. For example, the detection of the P38 mitogen-activated protein kinase or of folic acid in human serum as been demonstrated reaching a low detection limit of 9.5×10 −12 and 1.8×10 −8 mol/l, respectively [3, 4] . Some groups have also used this strategy to detect in vivo some tumors [5] . To overcome the potential drawbacks of these techniques (particles aggregation, restriction to water soluble nanoparticle, potential toxicity of the nanoparticle, some lack of reproducibility), the used of lithographied nanoparticles arrays on a substrate has been proposed. The in vivo measurement of glucose concentration between 10 −3 and 300×10 −3 mol/l has been demonstrated using SERS substrate on animal model [6, 7] . Furthermore, SERS substrates patterned by e-beam lithography have also been applied to the detection of proteins (BSA, lysozyme, RNase-B, and myoglobin) with concentration from 10 −3 to 10 −6 mol/l [8, 9] . Das et al. have notably estimated from principal component regression calculations that with such substrate, it could be possible to detect myoglobin with concentration down to attomole (10 −18 mol) [8] . This latter concentration has not yet been measured experimentally and can be seen as an unreachable objective. However, to let it become touchable in sensor application and not only in laboratory experiments, it is necessary to find new solutions to improve the sensitivity of metallic nanoparticles in SERS sensor. The SERS process is mainly based on the electromagnetic field enhancement due to the excitation of localized surface plasmon resonance (LSPR) in the nanostructure. The role of the LSPR in the SERS has been well documented by several groups, thanks to the highly reproducible SERS substrates produced by lithographied techniques [10] [11] [12] [13] [14] . Indeed, a relevant engineering and tunability of optical properties enable a wide control of the SERS process. Thus, to reach the highest enhancement factor, the key point of such sensors is the optimisation of their optical properties essential to the sensor characteristics. The LSP can be considered as a resonator corresponding to the electron oscillation inside the nanoparticle and it is then crucial to optimize its characteristics and notably its Q factor. This latter issue is directly related to the particle environment, notably to the use of Cr layer below the gold particle to stick the gold on the glass substrate. This Cr layer degrades the optical properties since it exhibits a wide optical absorption in the visible range. It induces a damping of the resonator and a decrease of its intensity, which is considered as one of the main limitations of the improvement of the nanoparticle optical properties.
In this paper, we propose a new kind of stick layer based on (3-mercaptopropyl)trimethoxysilane (MPTMS) molecular systems allowing an improvement of the optical properties of the gold nanoparticles as well as an improvement of the SERS performance (indispensable) for the development of highly sensitive sensor application.
New Gold on Glass Adhesion Process
Enlightened by the method of immobilizing colloidal particles on glass surface [15] , we introduce MPTMS to the electron beam lithography (EBL) process as an adhesive layer between glass and gold. The scheme of the process is shown in Fig. 1 . The functionalization of glass with MPTMS was processed according to the method first proposed by Goss et al. [16] . Some modifications were made in the process because the MPTMS binding efficiency for gold under different environment depends critically on the functionalization method and procedures. In our experiments, to guarantee the uniform deposition and good adhesion of MPTMS on the glass surface, the glass slides (pretreated by "piranha" solution) were immersed in silanization solution for about 12 h at room temperature before heating the solution to accelerate the reaction between MPTMS and glass (the different solutions used in the process have the following compositions: 1:3 H 2 O 2 30 %/H 2 SO 4 98 % for "piranha" solution and 2 ml MPTMS, 2 ml H 2 O to 80 ml of 2-propanol for silanization solution). After 12 h, the mixture was heated to boiling and the glass slides were kept in solution for additional 10 min. Then the slides were carefully rinsed with enough 2-propanol, blown dry under a nitrogen stream, and then cured at 110°C for 8 min. The procedure for heating and curing was repeated three times. The glass functionalized with the MPTMS molecules covalently bound to the glass surface is then used for the EBL process [13] . This latter technique has been achieved using a 30 kV Hitachi S-3500N scanning electron microscope (SEM) equipped with a nanometer pattern generation system. The functionalized glass was coated with a highresolution resist (PMMA) covered on the top by 10 nm of aluminum to make the surface conductive. The details of EBL process are described in Grand et al. [13] , except a slight modification in the "lift-off" procedure: compared with the sample with Cr as adhesion layer, the sample using MPTMS layer was immersed in acetone for shorter time and the "lift-off" was helped with a slight physical vibration. Since the MPTMS layer is a molecular one, we assume that it behaves as a self-assembled monolayer (SAM) and is flat. Since the Cr layer thickness is generally of few nanometers, its roughness should then be larger than the one of the MPTMS layer. The MPTMS layer has then less effect on the gold deposition and on the nanostructure roughness than the used of Cr.
After lift-off, we finally got different kinds of nanostructures: nanostripes or nanocylinders (Fig. 1) .
Improvement

Mechanical Assessment
To determine the MPTMS relevance as adhesion layer, some scratches tests perpendicular to the gold nanostripes were performed with a Berkovich tip (triangular-based pyramid tip) with a NanoIndenter XPr ® from Nano Instruments ® (Knoxville, TN) in order to apply a shear force on the nanostripes. Each scratch was done at a constant load, but different loads were tried, in order to determine the critical load, the load necessary to remove gold from glass. The penetration depth is then recorded for assessment. For each load, five scratches were performed.
Without adhesion layer, the scratch tip removes the stripes and stacks them at the end of the tip motion or let some of them on the side of her displacement. The nanostripes are removed very easily from their initial location and swept by the tip for load lower than 10 μN (Fig. 2) . On the contrary, the nanostripes stuck with MPTMS have similar mechanical behavior than with Cr: the nanostripes are not removed from their position but are only cut in two pieces by the tip scan. Moreover, to cut the nanostripes, it is necessary to scratch the glass to remove the gold from surface. This occurs for limit load around 400 μN (600 mN for Cr), much more higher than the one to be used on nanostripes without adhesion layer. Thus, the glass treatment and MPTMS deposition have a similar effect to a chemical tempering. So, it slightly modified the surface mechanical properties that can be seen by the scratch test: scratches of glass are less smooth and the glass surface exhibits a more brittle behavior. The described process using MPTMS as adhesion layer is actually efficient and sufficient for gold nanoparticles on glass. For higher load, the gold is removed and the glass substrate is damaged (a trench is even observable on the glass, see Fig. 2 ). The same mechanical robustness is seen with Cr adhesion layer and, moreover, only MPTMS can improve the optical properties of gold nanoparticles.
Optical Properties Betterment
These latter ones have been determined by measuring their LSPR and their SERS efficiency. The LSPR has been recorded by extinction spectroscopy on a Jobin-Yvon micro-Raman spectrometer (Labram) with a ×10 objective (N.A.00.25) after removing the edge filters. The SERS signal has been evaluated by using a probe molecule: the trans-1,2-bis(4-pyridyl)ethylene (BPE) in our case. Thus, the SERS substrates are immersed in a 10 −3 M BPE solution during 1 h and dried. Raman measurements are carried out with the 633-nm line of He-Ne laser on a Jobin-Yvon micro-Raman spectrometer (Labram) with a ×100 objective (N.A.00.9). The SERS intensity is estimated by calculating the area of a Lorentzian fitted BPE band located at 1,200 cm −1 (this mode has significant ethylenic C0C stretch character). As shown on Fig. 3 and comparing to LSPR for Cr layer, we have observed for all diameters a decrease, higher than 25 %, of the LSPR width. For example, in the case of nanocylinders with a diameter of 130 nm, the values of the Full Width at Half Maximum (FWHM) are 97 and 65 nm, respectively, for chromium and MPTMS (Fig. 3a) . This is a competitive advantage if we reason in terms of LSPR sensor since their performances are directly related to the width value such as the Q factor (QF) or the figure of merit (FOM), which is inversely proportional to the LSPR linewidth [17] . As a consequence, lower width, higher QF or FOM. This is even more favorable as the position of the LSPR is not affected by the change of the adhesion layer (for a diameter of 130 nm, we have estimated a Q factor of 10 and 8, respectively, for MPTMS and Cr adhesive layer. For a diameter of 200 nm, we get 12.5 and 8 for respectively MPTMS and Cr layer). LSPR sensor using this technique will be more sensitive and more accurate for low concentration detection. This has also a large impact on the Raman signal enhancement. As shown on Fig. 4 , the SERS intensity is increased by one order of magnitude with MPTMS comparing to the Cr layer. Thus, the width decrease of the LSPR, observed in the far field, has a clear influence on the nearfield enhancement. As the SERS enhancement is the fourth power of the field [18] , one can estimate that the near field is multiple by at least a factor 1.8 for an enhancement gain of one order of magnitude. This near-field enhancement can be observed for all nanoparticles diameters (Fig. 4) . The optical properties improvement is then intrinsic to the change of adhesion layer and is not an effect of the LSPR position. The increase of the Q factor has another effect on the SERS intensity since this factor can also be seen as a selective filter of the resonance of any oscillator system (bandwidth and the quality). It has yet been demonstrated that the optimized SERS signal of cylindrical nanoparticle is clearly reached for a LSPR position localized between the excitation (633 nm) and the Raman (685 nm corresponding to the 1,200 cm −1 mode) wavelengths, the SERS intensity decreasing for blue or red shifted of the LSPR around the optimized position. With sharper resonance, we could expect a faster decrease of the SERS intensity for equivalent LSPR shift. It is what we effectively observe when the enhancement curve is plotted versus the position of the LSPR (Fig. 4) , this curve being sharper for MPTMS compared to Cr layer. To quantify this effect, we assume that the SERS intensity versus the LSPR position could be fitted by a Lorentzian curve since the LSPR have nearly a Lorentzian shape. First, the maximum enhancement factor is obtained for an LSPR position of 642 nm for both layers, as expected. Second, the width is around 115 nm for Cr, whereas it is around 65 nm for MPTMS, i.e., a reduction higher than 40 % and comparable to the one of the LSPR width. This result is also a clear evidence of the effect of the LSPR Q factor on the near-field enhancement and on the SERS intensity. Moreover, the improvement of the mechanical and the optical properties of the gold nanostructures are completely reproducible. Several samples (at least ten samples) have been produced using the new MPTMS adhesion layer and the results are perfectly identical to the one presented in this paper.
Conclusion
The new process for adhesion layer as proposed in this paper allows an actual stick of lithographied gold nanoparticles on glass substrate. We demonstrate that this new layer improve largely the optical and enhancement properties of these nanoparticles as well as the plasmon characteristics (higher intensity and better Q factor). The use of the MPTMS adhesion layer will then improve the performance of any plasmonics systems with gold nanostructures. Thus we assume that this new adhesion layer is highly relevant for the development of highly sensitive optical nanosensors based on the near-field enhancement (not only based on SERS but also for the one based on metal-enhanced fluorescence or on surface-enhanced infrared spectroscopy) or any nano-systems based on plasmonic effects as plasmonic waveguide or opto-electronic circuit. Indeed, in this latter case, the linewidth reduction will increase the LSPR life time of 25 to 50 % depending on the diameter and the Q factor. Thus, the plasmon will propagate on longer distance along stripes for example, with a gain of nearly 10 μm [19] . Thus, by reducing the plasmon loss in the metal, this new adhesion process will also improve plasmonic circuits.
